Introduction
Net-zero energy buildings (NZEBs) are expected to require very low amount of energy and be able to cover significant amount of their energy requirements by renewable energy sources, produced on-site or nearby (1) . Recent International Energy Agency Technology Roadmap on Energy Efficient Building Envelopes shows that improvements in the building envelope can reduce total energy consumption in buildings sector by 20% (2) . Among the on-site methods that can be used to achieve NZEBs, passive energy technologies used in building envelopes have been attracting interest.
Using phase change materials (PCM) in building materials and structures is one of these passive strategies that can increase energy efficiency and passive use of solar energy (3) (4) (5) (6) . Concrete is the most common building material used. PCM can be added to concrete in the following different forms.
• Direct integration (7-9)
• Macro-encapsulation (10)
• Microencapsulation (11, 12) • Shape-stabilization (13) By proper choice of PCM, thermal mass of concrete can be enhanced and indoor temperature can be kept within thermal comfort requirements with limited auxiliary energy requirements for heating and cooling (14, 15) .
Adding PCM to concrete may affect its porosity, hydration reaction and mechanical strength. The frictional forces in the presence of coarse aggregates in the concrete mix may break the capsules and cause PCM to infiltrate into the porous concrete structure. In such a case the PCM may interact with components of the concrete mix and also rebar causing degradation and corrosion. For reliable application with long lifetime, the effects of adding PCM to concrete mixes have to be determined with proper characterization methods. This paper gives an overview of characterization methods to determine mechanical, thermal, chemical and microscopic properties of PCM added concrete. Different test results for these properties with relevance to application criteria will be given.
Materials
The characterization methods that are used and introduced here require different types of samples. For concrete specimens, concrete mix with water : cement ratio of 0.41 was prepared and molded as described in our previous study (7) . Eutectic like mixture of fatty acid (FA) containing capric acid (CA) and myristic acid (MA) (75:25 wt.) that was developed in our previous study (7) was used as PCM. A novel microencapsulation of this PCM (mPCM) was done with polystyrene as the shell material in our laboratory with emulsion polymerization method (16) . For corrosion test, we reported results with butyl stearate as PCM. The corrosion test results of the fatty acid mix were given in our previous study (17) .
Characterization Methods

Thermal Properties of PCM
The main criteria for PCM selection are phase change temperature and latent heat. For building applications, thermal comfort zone should be taken into consideration for phase change temperature. International standards for the determination of building thermal comfort are given in ISO 7730 (18) and ASHRAE 55 (19) . According to these standards, ideal indoor temperature can be in the range of 22°C -27°C and PCM should melt within this range. Differential Scanning Calorimeter (DSC) can be used to determine phase change temperature and latent heat of PCMs added to concrete. DSC (Perkin Elmer Diamond) analyses performed for this study operated between 15°C -35°C at 1°C/min heating/cooling rate in an inert nitrogen atmosphere at 20 mL/min flow rate.
PCMs used should be thermally stable during the preparation and lifetime of concrete mix. Thermal stability of PCM can be determined with Thermogravimetric Analysis (TGA). Results provide information on thermal decomposition behaviour of the PCM. TGA (Perkin Elmer STA 6000) analyses were carried out with 5 mg samples and under inert nitrogen flowing at 20 mL/min. Heating rate was 20°C/min in the range of 30°C -400°C.
Temperature Evolution of Fresh Concrete
Temperature of the concrete mix starts increasing as soon as cement and water are introduced to the reactor due to the highly exothermic hydration reaction. Temperature evolution of any concrete in the first 24 hours following mixing has following four stages (20) :
Hardening -2-4 h III.
Cooling IV.
Densification -setting continues for many years Reaction products cause cement paste to harden, bond to the coarse and fine aggregates in the concrete mix and become stronger and denser. Any change in the composition of concrete mix may affect the strength and density of the end product. The effects of adding PCM to this process can be observed by a comparative test measuring duration and temperature levels during these four stages. For this purpose, insulated polystyrene containers are used in order to obtain semi-adiabatic conditions for fresh concrete temperature development measurement in the first 24 hours when maximum heat release occurs during hydration reaction of concrete. Two identical containers one with concrete mix with PCM and the other without PCM were prepared. The containers were then placed in a climate chamber (Binder BD) at isothermal temperature of 22°C to eliminate the effect of temperature 
Thermal Buffering Effect of Concrete
The aim of using PCM in concrete is to increase thermal mass that will create a buffering effect. This effect will delay the heat gain or loss from the building. For thermal buffering tests, identical cubic concrete specimens with and without PCM with dimensions of 7×7×7 cm were put in constant temperature climate chamber to bring them to the same initial temperature. Specimens were maintained at equilibrium for at least 1 hour prior to testing. Then, specimens were immersed into thermostatic water bath at 30°C, one by one. Temperature development of specimens were measured using T-type thermocouples with an accuracy of ±0.5°C until thermal equilibrium.
Thermal buffering effect can be explained by the delay that occurs in temperature development of the concrete sample. In Equation (1), degree of thermal buffering, ΔT buffer is given as the temperature difference between the concrete samples with and without PCM (17):
where T c,PCM is temperature of concrete specimen with PCM, T ref is temperature of reference concrete specimen without PCM.
Compressive Strength Test
For safe and durable buildings, concrete used should have compressive strengths according to international standards. The compressive strength of hardened concrete samples was determined in accordance with standard TS-EN 12390-3 (21) . Standard cubes (15×15×15) were tested after 7 and 28 days of curing in water (20±2°C) using a universal testing machine (Dinc Makina D201A). Before the compression test, the surface of the compression machine was cleaned, and the specimens were placed by aligning the axis with the centre of thrust of the plate. The test machine applied the load gradually at the rate of approximately 0.6 MPa/s until the specimen could carry no further load, and failure occurred. The compressive stresses were calculated in MPa from the respective maximum loads sustained by the cubes before they failed.
Corrosion
The corrosion is another property that should be considered when phase change materials (PCM) are added to concrete for building applications. PCM may increase the energy efficiency, but the corrosion resistance of the steel in concrete (rebar) can decrease. The corrosion effect of PCM on rebar should be determined and controlled for long-term durable PCM building applications. Corrosion behavior can be monitored in any period of time by using electrochemical measurements such as electrochemical impedance spectroscopy (EIS) and open circuit potential (Eocp).
Electrochemical measurement was conducted using the conventional three-electrode system. The rebar, Ag/AgCl (3.0 M KCl) and Pt sheet were used as working, reference and counter electrodes, respectively. The electrode surfaces, except for the exposed one, were coated with polyester block in order to examine the sample corrosion behavior only. The concrete mix prepared according to the standards was put in cubical molds with dimension of 7x7x7 cm. The rebar specimens were located at the center of the cubical mold to allow diffusion of ions from the electrolyte to the electrode surface to be at equal distances in all directions. The molded specimens were kept at room temperature for 24 h before being de-molded and cured in water at 20±2°C for 28 days. Cured specimens were then fully immersed in 3.5% wt NaCl (analytical grade, Sigma Aldrich) electrolyte for electrochemical measurements at room condition. Three parallel specimens were prepared and measured to determine the uncertainty of the measurement. The EIS experiments were carried out utilizing CHI 660 D electrochemical analyzer (serial number F1190) at open circuit potential between 100 kHz and 0.0046 Hz for 240 days with amplitude of 5 mV. 
Results and Discussion
Thermal Properties of PCM
DSC of the fatty acid mixture for building application was given in our previous study (16) . The melting range of 20.14 -28.03°C was determined from the on-set and end temperatures on the melting curve and latent heat of melting as 148.5 J/g. On the freezing curve, the phase change temperature range was observed to shift to 10.00 -15.69°C and latent heat of freezing remained almost the same as 149.1 J/g. This shift in on-set and end temperatures shows this mixture has hysteresis. This difference is also defined as degree of supercooling by Zhang et al. (22) and can be more enhanced in the mg sized samples of DSC. For this mixture the difference in on-set temperatures was 4.45°C (16) .
Before mixing into concrete, PCM is microencapsulated in polymer shell. Microencapsulation decreases the latent heat of the original PCM. Figure 1 shows the DSC of microencapsulated fatty acid mixture. The melting range is 25.32 -17.10°C and melting latent heat is 90.8 J/g. The difference in on-set temperature has decreased to 1.79°C, which indicates that microencapsulation decreases supercooling behavior.
DSC results can also be used to determine the encapsulation % according to Equation (2):
where ΔH PCM and ΔH mPCM are the latent heat of PCM and microencapsulated PCM. The encapsulation percentage calculated using latent heats of melting according to Equation (2) is 61.1%. Thermal stability of fatty acid mixture and microencapsulated PCM is compared with TGA analysis shown in Figure 2 . The TGA curve of the fatty acid mixture shows it is decomposing in a single step with first decomposition temperature of 150°C and final temperature of 250°C at which sample decomposes with no residues. For microencapsulated PCM, there are two steps; the first one corresponding to the fatty acid mixture in the capsule, which is the same as the fatty acid mixture alone. The second one corresponds to the polymer shell of the microcapsule decomposing at 250°C and final decomposition temperature is at 450°C. This shows that microencapsulation increases thermal durability of the fatty acid mixture by about 200°C. 
Temperature Evolution of Fresh Concrete
Temperature changes in the first 24 h of fresh concrete with 1% and 3% of PCM and without (reference) are compared in Figure 3 from our previous study (17) . Different stages of temperature evolution as explained in the previous section are also shown on this figure. The samples with PCM content have lower maximum temperatures by about 1°C compared to the reference. Maximum temperature on this curve decreases at higher PCM contents. Another important information from this figure is during cooling stage, the samples with PCM have lower temperatures until around 23°C that corresponds to melting temperature of PCM. The lower temperature evolution during the cooling stage may avoid cracks that can be seen in concrete especially during warm weather. Implications of adding PCM on hydration reaction and densification mechanism needs further research. 
Thermal Buffering Effect of Concrete
Degree of thermal buffering, ΔT buffer calculated from Eqn(1) using data from temperature distribution of concrete samples in thermostatic bath (Figure 4-a) as explained in the previous section is shown in Figure 4 -b (17) . The composition of PCM and microencapsulated PCM in concrete were 2% and 10% by weight, respectively. These compositions were used to stay within allowable limits of compressive strengths. The amount of PCM in the concrete with microencapsulated PCM was about twice compared to the PCM only form. The maximum ΔT buffer was measured as 5.0°C and 3.8°C for microencapsulated PCM and PCM, respectively. The higher amount of PCM increased degree of thermal buffering by 1.2°C (17) . 
Compressive Strength
Addition of PCM in both bulk and microencapsulated forms decreases compressive strength of concrete as seen in Figure 5 (17) . As expected, the compressive strengths after 7 days of curing were lower than 28 days of curing. The compressive strength after 28 days decreased more for concrete with 10% microencapsulated PCM with a reduction value of 38%. For concrete with 2% PCM reduction value was 28%. This reduction is a result of replacing aggregates with PCM, which is a main challenge of incorporating PCM into concrete. In the compressive strength test results given here (19) high strength concrete formulation (C40/50) was used in order to determine the limiting compressive strength that can be achieved. Even after reduction, concrete samples with both of PCMs comply with C30/37 class of concrete according to TS EN 206-1 (24), which renders them usable even for earthquake zones. 
Corrosion
The long-term corrosion behavior can be tested by analyzing Eocp values in aggressive media. Eocp is defined as the sample potential with respect to the reference electrode when no current is applied. The Eocp value depends on resistivity, porosity, film thickness, oxygen diffusion through the pores, corrosion products and surroundings of the sample (25) . The conventional standard method for the description of corrosion behavior of samples is ASTM C876-99 (26) . This method gives evidence on the degree of probability of corrosion of the sample according to the following three regions of Eocp:
I. 10% probability of corrosion for Eocp > -0.119 V vs. Ag/AgCl II.
uncertainty of corrosion for -0.119 V < Eocp< -0.269 V vs. Ag/AgCl III. 90% probability of corrosion for Eocp < -0.269 V vs. Ag/AgCl In our previous study, effects of corrosion behavior of rebar in concrete with fatty acid additive using the electrochemical method given here was reported (19) . Results from corrosion test of butyl stearate (BS) as PCM added concrete mix is given here. Eocp values of rebar is shown in Figure 6 . The corrosion probability regions are given according to ASTM C876-99 standard as explained above. Eocp values were 0.011 mV and -0.174 mV for rebar and rebar-BS at the end of one hour. Eocp values of rebar oscillated between uncertainty of corrosion and 90% probability of corrosion regions with a widespread range of potential values during 210 days. For rebar-BS, Eocp values varied in a narrow range with little fluctuations between uncertainty of corrosion and 90% probability of the corrosion regions. This method demonstrates that rebar-BS electrode has lower probability of corrosion compared to rebar electrode in %3.5 wt during 210 days. Corrosion behavior of rebar can be further investigated in detail with the electrochemical impedance spectroscopy (EIS) technique. EIS measurements are widely utilized in order to explain corrosion process mechanism of rebar, diffusion of corrosion products and especially chloride ions to and from electrode surface, film coverage on electrode and solution resistance. EIS, with these aspects, is a comprehensive electrochemical investigation technique. Nyquist's plot from EIS measurement is given in Figure 7 . The plot has one depressed semi circle in high-frequency region and followed by straight line in the low-frequency region. The high-frequency semi circle is associated with the charge transfer resistance (Rt), accumulation resistance (Ra) and film resistance (Rf), which can only be seen in the presence of PCM. The straight line in the low-frequency region is ascribed with the diffusioncontrolled corrosion process on the electrode surface. The diffusion resistance (Rd) consists of diffusion of various types of ions, such as chloride and corrosion products within the concrete pores (27) . Chloride ions with higher concentration in the electrolyte automatically diffuse through concrete pores towards the electrode surface, at the same time, corrosion products are formed on the electrode surface, which move towards electrolyte to stabilize concentration differences in both zones. The solution resistance (Rs) is related to chloride ions going into solution through concrete pores to the electrode surface. The change of concrete porosity with additives can be explained with magnitude of Rs. The higher Rs values of the electrode means lower porosity of concrete. The calculated Rs values from Figure 7 were 643 Ω cm 2 and 1493 Ω cm 2 for rebar-BS and rebar electrodes. These Rs values show that the concrete porosity increases with BS addition to the concrete. 
Microscopic Properties
The SEM images given in Figure 8 are taken from the broken concrete specimens that included 10% microencapsulated PCM. In the Figure 8 -a at the 30 000 magnification the specific micro-crystal structures (28) of Ettrengit and C-S-H can easily be detected. This shows that addition of microencapsulated PCM did not change the micro-structure of concrete. In Figure 8 -b showing the same sample at 150 000 magnification confirms that microcapsules are not broken and kept their spherical geometries after being mixed and even after breaking of the concrete specimen. The size of the microcapsules that can be detected from Figure 8 -b is in the range of 60-160 nm.
( a ) ( b ) Figure 8 . SEM images of broken concrete specimen with microencapsulated PCM (a) at 30 000 magnification (b) at 150 000 magnification.
Conclusions
Passive PCM applications in buildings can increase energy efficiency and savings to help in meeting challenging NZEB goals. The effects of adding PCM to concrete have to be determined for sustainability and security. For characterization of PCMs and PCM in concrete conventional methods DSC, TGA for thermal properties, compressive strength measurement for mechanical properties and FESEM for microscopic structure have been used. In addition to these new methods for determining thermal buffering effect, fresh concrete temperature evolution and electrochemical methods for the corrosive effects of PCM on rebar in concrete have been developed and introduced. The results confirm that the fatty acid mixture (capric acid and myristic acid) used as PCM in this study can enhance thermal mass of concrete without degradation and compressive strength was kept within standards. Microencapsulated PCMs with polystyrene shells were safely added to concrete and the main micro-structural elements of concrete and morphology of microcapsules were not affected. Long-term corrosive effect of the PCM on concrete rebar can be easily determined with the electrochemical introduced here. The results of electrochemical methods can also give information on the change of porosity of the PCM added concrete, which has links to the mechanical durability of concrete. Increase of thermal buffering effect of fresh concrete with PCM addition can be quantified with the new method introduced here. For the fatty acid mixture amounts used here, the degree of thermal buffering can be increased by 1.2°C. in These characterization methods are recommended for determining applicability of PCMs to concrete and expected long-term behavior. More methods for determining flammability, thermal mass analysis and other mechanical properties of concrete with PCM are also needed. For further studies detailed kinetic analysis of hydration reaction when PCM is added to concrete can be done. Temperature evolution in the first 24 h shows that maximum temperature attained when PCM is added is lower, which can indicate a cooling effect. This condition has to be further investigated.
